to 100 km has 1-2% slower P-wave velocities than standard Earth models, perhaps due to a stably-stratified chemical boundary layer, combined with 3% lateral variations in Swave velocity in the lowermost mantle.
Introduction
h is well-established that there is a complex boundary layer, perhaps involving both them•al and chemical heterogeneity, in the lowermost 200 km of the mantle (the D" region) [Lay, 1989 ], but it is not known whether there is a complementary boundary layer in the outermost core. While the temperature contrast between the core and manfie may be greater than 800 ø, most of the thermal gradient should be concentrated in a mantle-side thermal boundary layer. The core's very low viscosity and high flow velocities should cause any core-side thermal boundary layer to be very thin, and should preclude any seismologically detectable horizontal density or thermal gradients, unless dynamically stabilizing chemical inhomogeneity is present [Stevenson, !987] . The large density contrast between the core and manfie does provide an environment that favors concentration of stably-stratified chemical heterogeneity on either side of the core-mantle boundary (CMB), if materials of intermediate density are present. Establishing the existence of any outer core boundary layer or stratification is critical for theoretical models of the geodynamo, inversions of the geomagnetic field for core flow fidds, and analysis of chemical and dynamical interactions between the core and mantle.
This can be done most effectively by seismological techniques. The only seismic phases whose raypaths bottom in the outermost 200 km of the core (the E' region) are the suite of $KnS phases (SKS, SKKS, etc.), which traverse the mantle as S-waves, and convert into P-waves that reflect (n-i) times off of the underside of the CMB. For these converted phases, the core is not a low-velocity zone, as it is for PKnP phases. 0094-8276/90/90GL-01638503.00 manfie hetemgeneity, which provides additional support for a reduced P wave velocity zone in the outermost core.
Data and Analysis
The seismograms used in this analysis were recorded by North American long-period WWSSN and CSN stations for 21 intermediate and deep focus events in the western Pacific. Nine of the events provided SKS-SKKS differential travel times, and all 21 provided SKS-S, SKS-Suiff (S diffracted by the core) or SKS-SeS (S reflected off the core) differential travel times. Standard International Seismological Center (!SC) locations were used for all events, given that these differential times are only weakly biased by typical ISC mislocafion errors. The differential times were ealeu!ated relative to the PREM structure. Onset-to-onset or peak-topeak differential times were measured for SKS-S and SKSSc$ arrivals, with SKS being measured on the horizontal radial ($V) component of motion, and S or SeS on the horizontal transverse (SH) component. While some anisotropic shear wave splitting may contaminate these measurements, the radial component SV and SeSV arrivals were too variable to measure reliably. Any such splitting should probably be less than about 1.5 s in the maximum ease, and should average out to give much smaller bias due to the large number of source-station pairs that are used. Reading uncertainty on the digitized, rotated dam is about_+0.5 s. The SKS-SKKS differential time measurements were made by comparing the radial component observations with synthetic seismograms computed for the PREM structure, and differencing common peak-to-peak measurements. The synthetics were computed with the reflectivity method, which fully accounts for the phase shift associated with the SKKS phase, and other complexities in the core phases. Geometric travel times cuntes for the PREM structure are superimposed. Note that SKS becomes a first arrival at distances greater than about 82% SKKS separates out from the SKS coda beyond 94% and SVdiff drops off in amplitude dramatically beyond 92 ø . All of the events were selected to have comparably simple waveforms with stable S-wave radiation, allowing the impulsive SKS and S arrivals to be accurately timed and the synthetic waveforms to closely match the waveshape of SKKS. The rapid decay of SVdiff energy beyond 92 ø is a well-known phenomena, which stems from destructive interference between SV and $cSV, which have opposite polarity and close timing at large distances. The corresponding SHdiff arrivals, which have constructive SH and SeSH interference, persist to large distances in the core shadow zone. At distances e!oser than the crossover point between SKS and SV (82ø), it is not possible to pick the SKS onset on these long-period records, but SKS does peak-up sufficiently for the arrival to be identified, and peak-to-peak differential times measured as far back as 72% where the phase unable to conjure up a reasonable D" heterogeneity that can explain our data. One alternative is to invoke a near-source anomaly. A vertical, very fast slab anomaly could cause some shift between the more steeply-dipping SKS paths and the SKKS paths, but the take-off angles for these phases differ by only about 8 ø for paths to a station at a distance of 100 ø ( Figure  3) . Thus, very strong velocity heterogeneity is required.
Since the sources are distributed around several western Pacific subduction zones, each of which has a different slab geometry, it is very hard to understand the consistency of the data if slab effects are important. In fact, for events in the Japan and Kurile zones, the opposite patterns would be expected; the rays travel along the strike of any deep slab extension, predicting earlier arrivals for the paths with larger take-off angles (SKKS). Some of the highest quality SKKS data are for events in the Izu subduction zone, for which both tomography and residual sphere analysis have failed to detect any lower mantle high velocity deep slab extension.
Given the difficulty of explaining our data set with mantle heterogeneity, the consistency of our data set with the majority of other SKS-SKKS measurements, and the remarkable observation that a single model perturbation (i.e. slowing down the outermost core) improves the fit to all three differential time data sets, we prefer the resulting slow E' model. This is not a unique interpretation, but one which is compatible with many observations. Proceeding with the interpretation that the outermost core has a 50 to 100 km thick zone of reduced P-wave velocity, we must ask what is responsible for this structure? The travel-times provide only kinematic constraints on the P-wave velocity structure, but the location of this zone, just below the largest internal density contrast in the planet, suggests that it is less dense than the deeper core structure. Assuming a 1% density deficit near the CMB relative to PREM, a decrease in bulk modulus of 5% is required to produce the 2% P-wave velocity reduction. 
